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Influence of variable climate on mechanical properties of composite materials:
an experimental study

Abstract

This study investigates the degradation of carbon fiber-reinforced plastic composites, fabricated via non-
autoclave molding, under tropical climatic conditions across three regions over three years. Forty
specimens (10 control, 30 exposed) with 2x2 twill weave and 0°/90° fiber orientation were subjected to
tensile and compressive testing, microscopy, and X-ray computed tomography. Control specimens
established baseline properties, while exposed specimens underwent three-year weathering. Statistical
and principal component analyses revealed significant mechanical degradation, with tensile strength
decreasing by up to 16.1% (p
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Abstract

This study investigates the degradation of carbon fiber-reinforced plastic composites, fabricated via non-autoclave
molding, under tropical climatic conditions across three regions over three years. Forty specimens (10 control, 30
exposed) with 2 X 2 twill weave and 0°/90° fiber orientation were subjected to tensile and compressive testing, mi-
croscopy, and X-ray computed tomography. Control specimens established baseline properties, while exposed speci-
mens underwent three-year weathering. Statistical and principal component analyses revealed significant mechanical
degradation, with tensile strength decreasing by up to 16.1 % (p < 0.05), compressive strength by 20.4 % (p < 0.05), and
tensile modulus increasing by 11.7 % (p < 0.05). Microscopy showed matrix discoloration, microcracks, and fiber
depigmentation, particularly in high UV-A coastal zones. UV-A and humidity were identified as primary degradation
drivers, with UV-B affecting elastic modulus. Topological analysis via birth-death diagrams confirmed structural
changes correlated with UV-A and UV-B intensity. Heterogeneous materials are widely used in various applications.
These findings underscore the vulnerability of non-autoclave composite to tropical climates and advocate for UV-
resistant coatings or matrix modifications to enhance durability.

Keywords: Polymer composite materials, UV radiation, Tropical climate, Mechanical degradation, Non-autoclave
molding, Environmental exposure, Carbon fiber-reinforced plastic

1. Introduction industries [3]. Thus, CM are widely used in aero-

space [4], automotive [5], space [6], energy [7] and

H eterogeneous materials are widely used in
various applications [1,2]. Innovative com-
posite material (CM) fabrication techniques and
advances in additive technologies (AT) have rede-
fined traditional material concepts, enabling the
integration of heterogeneous materials across

other advanced industries [8,9]. Products fabricated
with AT are used in medicine [10—12], construction
[13] and aircraft construction [14].

However, despite the extensive research and
widespread use of heterogeneous materials,
inherent limitations remain due to difficulties in
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their manufacturing processes and operating con-
ditions. For example, components made by additive
manufacturing, autoclave or non-autoclave curing
often have internal porosity, which can degrade
their performance [15—17]. Porosity in heteroge-
neous materials is usually evaluated by X-ray
computed tomography and ultrasound studies
[16—19]. However, their mechanical properties are
often inconsistent due to inherent variations in the
manufacturing process, resulting in a significant
variation in experimental results. PCMs are char-
acterized by low density, which contributes to their
high strength-to-weight ratio. However, non-auto-
clave curing methods for the fabrication of CMs do
not allow the creation of complex geometric struc-
tures such as lattice frameworks or highly porous
structures due to inherent process limitations
[20—22]. PCMs are also more susceptible to envi-
ronmental influences — UV radiation, moisture and
thermal fluctuations — compared to AT-derived
metals [23,24]. Consequently, understanding the
long-term effects of these environmental factors on
PCM performance is critical to ensure material
reliability.

Ultraviolet (UV) radiation from sunlight is a
major environmental factor affecting the mechani-
cal properties of composite materials [25—27]. This
radiation alters the chemical structure of polymer
bonds in PCM, although its penetration depth is
usually limited to the micrometer scale, indicating
that the degradation occurs mainly at the surface
[28—30]. This surface failure can lead to the forma-
tion of microcracks that can promote moisture
penetration. In combination with thermal cycling
[31], localized stress concentrations develop, pro-
moting crack propagation and compromising the
material's structural integrity.

Experimental studies of composites exposed to
ultraviolet radiation and moisture not only clarify
the degradation mechanisms, but also make it
possible to optimize the manufacturing and sub-
sequent processing technologies of these materials
[32,33]. Such improvements can ultimately improve
the physical and mechanical properties of PCMs,
ensuring their long-term structural reliability and
safety in real-world applications.

Thus, the novelty of this study lies in its long-term
(three-year) evaluation of non-autoclave-molded
composites under diverse tropical climatic condi-
tions, integrating mechanical testing, microscopy,
X-ray computed tomography, and advanced topo-
logical data analysis. Specifically, the application of
topological analysis through birth-death diagrams
derived from X-ray CT data represents a ground-
breaking approach, enabling a detailed correlation

between structural changes and mechanical
degradation at a voxel-level resolution.

This study focuses on non-autoclave-molded
composites, aligning with prior work on epoxy-
based composites [25,26] and non-autoclave fabri-
cation [16,20]. However, while previous studies
primarily rely on mechanical testing to assess
environmental degradation, they often overlook
complementary structural analyses. Our research
distinguishes itself by integrating mechanical
testing with microscopy, X-ray computed tomog-
raphy, and topological data analysis using birth-
death diagrams derived from CT data.

2. Materials and methods
2.1. Samples

The study evaluates the impact of tropical climate
exposure across three different zones on the struc-
tural evolution and mechanical properties of PCMs.
For this purpose, two specimen variants were
manufactured from carbon fiber-reinforced plastic
(CFRP) using a prepreg base and non-autoclave
molding techniques. The CFRP specimens were
fabricated using ACM 102 prepreg (C200T, epoxy-
based) via vacuum-oven molding at 140 + 5 °C for
3 h under a vacuum pressure of —1 bar. The main
properties of the CFRP are summarized in Table 1.

Two different types of specimens were made to
evaluate mechanical performance in tensile and
compressive loading tests. The test specimens had a
carbon fiber structure with a 2x2 twill weave and a
density of 200 g/m® Each specimen used a fiber
orientation of 0°/90°, achieved through a stacking
sequence of ten layers, with individual layers hav-
ing a thickness of 0.2 mm. The tensile specimens
were 240 mm long, 20 mm wide and 2 mm thick.
The compression test specimens were 80 mm long,
10 mm wide and 4 mm thick. Fig. 1 illustrates the
specimen configurations during mechanical testing:
(a) tensile and (b) compressive loading setups
within the testing machine.

Table 1. Material properties of the CFRP.

Parameter Value
Tensile strength, MPa 871
Tensile elastic modulus, GPa 71
Compressive strength, MPa 802
Compressive elastic modulus, GPa 60

ACM 102 (C200T,
twill weave)

Prepreg type

Resin type Epoxy
Resin content (wt %) 38—42 %
Fiber volume fraction 58—62 %
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Fig. 1. Photos of testing specimens: A — tensile test; B — compressive
test.

A total of 40 samples were fabricated. Ten speci-
mens served as control specimens, undergoing
mechanical evaluation under laboratory conditions
to determine baseline performance. Control speci-
mens were subjected to mechanical testing imme-
diately after fabrication in a controlled laboratory
environment at 23 °C and 50 % relative humidity,
ensuring baseline properties were evaluated
without environmental degradation and enabling
valid comparisons with exposed specimens. Thirty
specimens (ten for each climatic zone) were allo-
cated to aging studies involving prolonged envi-
ronmental exposure in three different tropical
regions to evaluate degradation mechanisms.

2.2. Mechanical tests

Mechanical properties of the specimens were
evaluated using a BISS-50 universal testing ma-
chine. The mechanical tests were conducted in
accordance with ASTM D3039. The key technical
specifications of the equipment, including load
frame capacity and control modes, are provided in
Table 2.

All specimens were loaded to failure under quasi-
static conditions with displacement rate of 2 mm/
min.

Table 2. BISS-50 specifications.

Parameter Value
Maximum load, kN 50

Speed range, mm/min 0.001-500
Accuracy of load measurement, % +0.5
Resolution of strain gauges, pm 0.1
Readout frequency, kHz 1

The linear zone of stress—strain curves in tensile
and compression tests was used to estimate the
modulus of elasticity. Linear regression analysis was
performed for the elastic zone to establish the stress
(o) — strain (¢) relationship in the following form:

c=k-e+b, (1)

where k is the angular coefficient of the line, b is the
free term.

The elastic modulus (E) was calculated as the
tangent of the angle (k) of the linear regression fit:

E =tan(k). (2)

The ultimate strength (op) was determined by
dividing the maximum load (F,,,) by the initial
cross-sectional area (Ag) of the specimen:
_Fmax
GB—TO.

(3)

2.3. Meteorological data

Three climate zones were selected for long-term
environmental exposure, each with a distinct cli-
matic profile determined by its geographical local.

Area 1: Tropical maritime climate, moderated by
persistent sea breezes despite year-round elevated
temperatures. Area 2: Tropical monsoon climate with
pronounced wet and dry seasons. Area 3: Tropical
savanna climate characterized by consistently high
temperatures and minimal seasonal variation.

Specimens were mounted on exposure racks
angled at 30° relative to horizon (Fig. 2) and were
fully exposed to all climatic factors, including direct
precipitation, without any sheltering. This orienta-
tion ensured maximal UV radiation dosage while
simulating real-world structural loading conditions.

The specimens were exposed to outdoor weath-
ering on test racks for three years (2020—2022). Key
climatic parameters including total solar radiation,
UV-A/B radiation, total rainfall, and average tem-
perature, humidity, and atmospheric pressure were
determined to assess the impact of the tropical
environment.

2.4. Microscopy

To evaluate the surface degradation caused by
long-term environmental exposure, microscopic
analysis of composite specimens was performed
using a Levenhuk DTX 700 LCD digital microscope
(model 75075). The main characteristics of micro-
scope are summarized in Table 3.
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Fig. 2. Stand for samples exposure.

Table 3. Levenhuk DTX 700 specifications.

Value
10-300 (digital zoom: 10—1200)

Parameter

Magnification, multiples

Maximum resolution, Mpix 12
Research method Light field
Focus, mm 5—7

Representative areas showing structural degra-
dation were identified for each sample. The study
included comparative analysis of both the weath-
ered surface and the unexposed reverse side to
assess differences in degradation patterns.

2.5. X-ray computed tomography

To assess the impact of climatic factors on the
degradation of the composite material's surface, X-
ray computed tomography was employed. The
scanning of the samples was carried out using the
Green X CT scanner (Korea), which was equipped
with an X-ray tube featuring an adjustable accel-
erating voltage between 60 and 99 kV and a current
ranging from 4 to 16 mA, with a focal spot size of
0.5 mm according to IEC 60336 standards. All
samples were scanned on 94 kV and 13 mA shoot-
ing mode. Tensile specimens from each climatic
zone were selected as the test samples, and the
voxel line size for each scan was set to 0.12 mm.

2.6. Topological data analysis

After scanning, digital twins of the tensile speci-
mens from different climatic zones were obtained
(Fig. 3).

During the scanning of the specimens, an edge
effect occurs due to the averaging of Hounsfield
values in the boundary layers between the material

Fig. 3. Scheme of digital twins.

and the external environment. To eliminate the
edge effect, the digital twin was cropped based on
pre-defined parameters obtained from the Houns-
field histogram by layers. The new material
boundaries were defined as follows:

X eu; l—u,

y,e[v;b_u]a
Ze —Eer' E—w
2 "2 ’

where ¥/, y/, Z are the voxel coordinates in the
cropped digital twin, and u, v, w are the number of
voxels removed along each axis.

In this study, the number of voxels along the z-
axis was 16, with the value of u equal to 1, along the
y-axis — 166 and 5, and along the x-axis — 673 and
26, respectively.

For topological data analysis, the resulting com-
puter model was segmented into layers in the xy-
plane. The analyzed function was as follows:

HU(x;,y,,7') =fi(2), (5)

(4)

where x/, y/ correspond to the value of the
considered layer in the x'z’-plane.

For the analysis of the obtained optical density
change function, Morse filtering was used [34,35]:

f@)=u(2) + (@), (6)

where ¢(Z') is the noise and u(z') is the Morse
function. In the one-dimensional case, the Morse
function g = (') is defined by the set of sublevels
R, as:

g
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Ry={Z €R:p(Z)<g}. (7)

With increasing g, the sequence R, CRgC...
forms the Morse filtration. Each new R, includes the
previous one, which allows the study of how the
topology of the data evolves. To track the change in
the number of connected components, the zeroth
Betti number By(R,). is used. This number indicates
the number of connected parts of the sublevel set
R,. When a local minimum g; is reached, the sub-
level set gains a new connected component:

Bo (Rei—eps) = Bo(Rei) +1, (8)

where eps is a small value. A new component is
“born” at the point g;.

When a local maximum M,; is reached, two con-
nected components merge into one:

BO (RMi—eps) = BO(RMI) -1 (9)

For matching births and deaths, the elder rule is
applied. When two components merge as they pass
through a maximum #;, the component that was born
later (i.e. corresponds to a greater minimum value) is
chosen. Thus, each minimum g; is paired with a
maximum M, forming a pair (g;M;). Based on the
pairs (g;M;) a birth-death diagram is constructed.
The x-axis represents the birth values (g;), and the y-
axis represents the death values (M;). Each point on
the diagram corresponds to a pair (g;M;), charac-
terizing the temporal life of a connected component.

For the determination of matching births and
deaths, three layers of the digital twin with an active
face, subjected to climatic factors, and three layers
not experiencing such influence were selected.

2.7. Results processing

Following tensile and compressive testing, the
elastic modulus (Young's modulus) and ultimate
tensile strength were calculated for each specimen.
All datasets were first assessed for normality using
the Jarque—Bera test. Subsequently, an indepen-
dent two-sample Student's t-test (o = 0.05) was
applied to evaluate statistically significant differ-
ences between experimental groups. If the distri-
bution was not normal, the non-parametric
Mann—Whitney U test was used. The significance
level was set at p < 0.05. For non-normal data,
median (Q1, Q3) was reported. Results were visu-
alized using box-and-whisker plots to illustrate
distribution trends and outliers.

Principal component analysis (PCA) was used to
explore interdependencies between climatic

exposure parameters (e.g., solar irradiance, hu-
midity) and the degradation of mechanical prop-
erties in the composite material.

2.8. Experimental design

A total of 80 specimens were fabricated. Prior to
climatic exposure, 20 specimens (10 for tensile
testing and 10 for compression testing) were eval-
uated to establish baseline mechanical perfor-
mance. The remaining 60 specimens were allocated
equally across three distinct climatic zones for a
three-year aging period. Following exposure, all
specimens underwent tensile and compressive
testing to assess post-aging mechanical behavior.

3. Results

Following three years of environmental aging, the
specimens underwent tensile and compressive
mechanical testing. Statistical analysis confirmed
that mechanical properties in all experimental
groups were normally distributed. Statistically sig-
nificant differences in tensile strength and elastic
modulus were annotated with an asterisk (*), while
those in compressive properties were denoted by a
percentage symbol (%). Fig. 4 illustrates the varia-
tion in mechanical characteristics across the three
exposure zones.

Statistical analysis revealed that the tensile
strength of control specimens differed significantly
(p < 0.05) from all climate-exposed groups in both
tensile and compressive loading regimes. While the
tensile elastic modulus exhibited statistically sig-
nificant deviations from control values across all
exposure groups, compressive modulus values
showed no such differences. Comparative analysis
between exposure zones highlighted distinct me-
chanical behavior: specimens aged in Area 1 and
Area 2 displayed divergent tensile and compressive

Tensile strength, MPa
}
Elastic modulus, GPa

50+ +

A B

Fig. 4. Mechanical properties: A — tensile strength, B — elastic
modulus; statistically significant results are annotated with symbols: *
for tensile, % for compression.
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properties, whereas tensile modulus variations
were statistically significant only between Area 1
and Area 3.

Median tensile strength and compressive
strength values were 947 MPa and 744 MPa for
control specimens, 831 MPa and 633 MPa for Area 1
specimens, 794 MPa and 592 MPa for Area 2 spec-
imens, and 833 MPa and 609 MPa for Area 3 spec-
imens. Median elastic modulus values under tensile
and compressive loading were 69 GPa and 62 GPa
for control specimens, 73 GPa and 65 GPa for Area 1
specimens, 73 GPa and 63 GPa for Area 2 speci-
mens, and 77 GPa and 62 GPa for Area 3 specimens.

Meteorological data, including annual solar irra-
diance metrics, are summarized in Fig. 5: total solar
radiation (Fig. 5A), UV-A (Fig. 5B), and UV-B
(Fig. 5C) activity.

Cumulative solar radiation over the three-year
exposure period exhibited statistically significant
differences (p < 0.05) across all three cities. UV-A
radiation intensity diverged significantly between
Area 1 and Area 2, while UV-B intensity showed
marked variation between Area 1 and Area 3
(Fig. 5A—C).

Mean values for total solar activity were 7150,
4154 and 6106 MJ/m?; for UV-A 320, 202 and 285 MJ/
m? and for UV-B 11, 8.3 and 3.9 MJ/m? for Area 1,
Area 2, and Area 3, respectively.

The study further quantified regional climatic
variability. Annual rainfall in Area 2 significantly
differed from both Area 1 and Area 3 (Fig. 6A).
Mean annual temperatures varied significantly
(p < 0.05) among all three regions (Fig. 6B). Relative
humidity levels in Area 2 were significantly
different from those in Area 1 and Area 3 (Fig. 6C).
While atmospheric pressure showed no significant

- *
8500 350 —_ 16

8000 — -

7500 300

7000

fl

250
6500 1

6000 - 1
200+
5500

5000 {
150 - .

4500

4000———————————159 . 2

A B C

Fig. 5. Solar activity in zones: A — total solar activity, MJ/m’; B — UV-
A activity, M]/mz; C — UV-B activity, M]/mz; where blue color for
Area 1, red color for Area 2, yellow color for Area 3.

4000 100 1800

*
34- — *
* * - 1
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3 —
3s00 X * 9
i 2. — X 1600
] %0+
3000 3 A 1500
|
3or = 851 1400
2500 2
sl - 1300
28
2000 D 1200
I 21 750
i 1100+
1500 %y
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] P | 1000f ]
I
1000 : 24 65 900

Fig. 6. Weather factors by zones A — total precipitation, mm; B —
average temperature, °C; C — average humidity, %; D — average
pressure, hPa; where blue color for Area 1, red color for Area 2, yellow
color for Area 3.

differences overall, Area 3 exhibited significantly
higher-pressure values compared to the other re-
gions (Fig. 6D).

For Area 1, Area 2, and Area 3, the mean values
were obtained as follows: total precipitation — 1408,
3148, and 1504 mm; average temperature — 27.3,
25.3, and 30.3 °C; average humidity — 74, 86, and
73 %; and average pressure — 1008, 1003, and
1260 hPa.

Microscopic evaluation of specimen surfaces
revealed distinct structural alterations attributable
to environmental exposure. Fig. 7A illustrates the
weathered top surface of Area 1-exposed speci-
mens, exhibiting brown discoloration indicative of
matrix degradation. In contrast, the protected
reverse side (Fig. 7B) displayed localized fiber
depigmentation without significant matrix damage.

Area 2-exposed specimens (Fig. 7C) demon-
strated similar surface discoloration, with diffuse
brown patina confirming matrix deterioration.

Area 1 specimens (Fig. 7D) exhibited pigment loss
extending beyond edge regions to span the entire
composite segment.

Area 3 specimens (Fig. 7F) showed complete
longitudinal depigmentation, suggesting acceler-
ated fiber-matrix interface degradation under sus-
tained tropical conditions.

Analysis of the weathered surface (Fig. 7E) reveals
degradation in its incipient phase, characterized by
preserved fiber architecture, which is a contrast to
advanced degradation observed in prior cases.

PCA identified moisture exposure (loading =
0.64) as the primary driver of mechanical property
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—

2 mm

! 2 mm i E ! 2 mm i

Fig. 7. Specimen surface: A — weathering-exposed surface from Area 1,
B — unexposed reverse surface from Area 1, C — weathering-exposed
surface from Area 2, D — unexposed reverse surface Area 2, E —
weathering-exposed surface from Area 3, F — unexposed reverse surface
Area 3.

deterioration, followed by UV-B radiation
(loading = 0.26). These results underscore the
dominant role of hygrothermal conditions in
accelerating polymer composite degradation.

The topological analysis, based on the birth-death
diagrams, begins with the filtering of the obtained
points. The birth and death points were further
processed as follows: if the birth and death values
were below a predetermined threshold (20 HU),
they were excluded from further analysis. All values
are expressed in Hounsfield units. The 20 HU
threshold for birth-death diagrams was determined
from Hounsfield histogram analysis, identifying
values below 20 HU as noise or edge effects, where
topological features are born and immediately die.
Moreover, 20HU difference in optical density is
not significant for mechanical properties. For the
Area 1 sample (Fig. 8A), a characteristic separation

1400

1200 - o met
1000 PR v
800

600

400
400 600 800 1000 1200 1400

1400
1200
1000
800
600

400
400 600 800 1000 1200 1400

1400 —
1200 X
RO
1000 -
800
600 -

400
400 600 800 1000 1200 1400

C

Fig. 8. The birth-death diagram is presented on axes corresponding to
Hounsfield values: A — Area 1, B — Area 2, C — Area 3.; red points are
unexposed layers, blue points are weathering-exposed layers.

between the weathering-exposed and unexposed
layers is observed, which is reflected in the distinct
distribution of points on the birth-death diagram.
In the Area 2 sample (Fig. 8B), the active and un-
exposed layers are intermixed, indicating the
absence of a clear separation or change in the
layer structure. In the Area 3 sample (Fig. 8C), a
separation similar to that of Area 1 is present,
though it is less pronounced. The line on the dia-
gram, corresponding to a zero lifetime, delineates
the boundary between statistically significant and
insignificant components.

Additionally, the maximum distance from the
zero-lifetime line was evaluated. The maximum
distance was 115 HU for Area 1, 125 HU for Area 2,
and 51 HU for Area 3.

4. Discussion

Three years of environmental aging induced sta-
tistically significant variations in the mechanical
properties of specimens across climatic zones.
Notably, tensile and compressive strengths
diverged significantly between specimens aged in
Area 1 and Area 2 (p < 0.05), a disparity aligned
with elevated UV-A radiation levels (the sole sta-
tistically distinct weathering factor between these
regions). Similarly, tensile and compressive elastic
moduli exhibited significant differences (p < 0.05)
between Area 1 and Area 3, correlating with
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divergent UV-B intensity profiles. These findings
underscore the critical role of ultraviolet radiation
spectra—particularly UV-A and UV-B—in driving
region-specific degradation of polymer composites
under tropical climatic conditions.

Beyond UV radiation, climatic variables such as
cumulative precipitation, mean temperature, and
relative humidity also exhibited regional dispar-
ities. However, their impact on mechanical perfor-
mance was secondary to UV-driven degradation.
For instance, while Area 2 experienced significantly
higher precipitation compared to Area 1 and Area 3
(p < 0.05), these differences showed no statistically
meaningful correlation with tensile strength or
elastic modulus. Similarly, temperature—though
varying significantly across all three region-
s—demonstrated inconclusive effects on material
performance, warranting further investigation to
elucidate its role in composite aging under tropical
conditions.

In [25], epoxy laminates fabricated with Araldite
LY-556 resin and HY-951 hardener — a common
aerospace-grade composite system — were sub-
jected to 180 h of UV-A radiation (A = 340 nm). Post-
exposure analysis revealed a 22.6 % reduction in
tensile strength, accompanied by surface micro-
cracking and yellowing, indicative of photo-
degradation. These results underscore the
susceptibility of epoxy matrices to UV-A-driven
strength degradation, particularly in outdoor ap-
plications. Notably, the study also reported a 15 %
increase in elastic modulus, attributed to UV-
induced post-curing of the polymer network.
Similarly, Kumar et al. [26] investigated IM7/997
composites (IM7 carbon fiber/997 thermoplastic-
modified epoxy) under combined UV-A and high
humidity. The authors observed matrix erosion and
mechanical property deterioration, aligning with
the hygrothermal degradation mechanisms, the
same as in our study. Specifically, both works
highlight the synergistic role of UV-A and moisture
in reducing tensile and compressive strengths.
However, the elastic modulus enhancement re-
ported in Ref. [25] contrasts with typical degrada-
tion trends, emphasizing the complex interplay
between UV exposure and resin curing kinetics.

The degradation of carbon fiber-reinforced poly-
mer composites under UV-A/B radiation was
investigated in Ref. [13], with specimens exposed
for 512 h. Results demonstrated an 18.85 % reduc-
tion in elastic modulus and a 13.5 % decline in
tensile strength due to UV-induced aging. In
contrast, our study observed a maximum tensile
strength loss of 16.1 %, compressive strength
reduction of 20.4 %, and an 11.7 % increase in

tensile modulus. These results highlight variations
in degradation trends across mechanical properties,
potentially linked to differences in material for-
mulations, exposure protocols, or synergistic envi-
ronmental factors (e.g., humidity).

The results demonstrate that solar radiation
components (specifically UV-A and UV-B) are the
dominant climatic factors influencing mechanical
properties. Thus, UV-A reduces tensile strength
and UV-B reduces the elastic modulus. PCA also
identifies humidity as a critical factor contributing
to the reduction in mechanical properties Other
climatic variables have little influence or are
masked by the combined effects of UV-A and
humidity.

Topological analysis of birth-death diagrams for
weathering-exposed and unexposed layers in the
composite material reveals a correlation between
structural changes and ultraviolet radiation in-
tensity, particularly UV-A. The weathering-exposed
and unexposed layers in specimens exposed in
Area 2 correlates with the minimal UV-A activity
recorded in this region over the three-year expose
period. This indicates weakly pronounced struc-
tural and mechanical changes in the material,
confirmed by the proximity of birth and death
points on the diagram and, consequently, the
indistinguishability of the layers.

UV-A activity promotes curing of the polymer
matrix, which in turn affects the material's strength
characteristics, particularly its tensile strength.
Similar reasoning applies to specimens from Area 1
and Area 3. The higher UV-A activity and resulting
strength properties can be evaluated using the
birth-death diagrams.

Additionally, the maximum distance from the
zero-lifetime line was assessed. The obtained
values were 115 HU for Area 1, 125 HU for Area 2,
and 51 HU for Area 3. These data positively corre-
late with UV-B activity measurements and elastic
modulus results, confirming the influence of cli-
matic factors on degradation processes in the
composite material.

This study effectively utilized mechanical testing,
microscopy, X-ray CT, and topological data analysis
to assess composite degradation, but additional
analytical techniques could further improve the
quality of the analysis. Due to our focus on mate-
rials engineering, we did not employ Dynamic
Mechanical Analysis (DMA) or nanoindentation to
evaluate viscoelastic properties or local hardness
gradients, nor X-Ray Diffraction (XRD) to assess
crystallinity changes in the polymer matrix, which
could elucidate mechanisms behind the 11.7 %
modulus increase. Similarly, quantitative void
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fraction analysis via CT binarization or statistical
correlation of topological parameters (e.g., Betti
numbers) with mechanical property losses (e.g.,
16.1 % tensile strength reduction) was not per-
formed. Future research directions should be
prioritized: mechanistic studies to uncover degra-
dation pathways under multifactorial environ-
mental stress; engineering solutions for materials,
such as UV-resistant coatings or polymer matrix
modifications, to improve long-term durability in
harsh climates.

5. Conclusion

The observed reductions in tensile strength (up to
16.1 %) and compressive strength (up to 20.4 %)
across all exposure zones indicate significant
degradation driven by environmental factors, with
UV-A and humidity identified as primary contrib-
utors via PCA (loading = 0.64 for moisture, 0.26 for
UV-B). The unexpected 11.7 % increase in tensile
modulus, particularly in Area 3 (77 GPa vs. 69 GPa
for controls), suggests UV-induced post-curing of
the polymer matrix, enhancing stiffness but not
strength. Microscopy and CT data (Figs. 7 and 8)
reveal surface-level degradation (e.g, matrix
discoloration, microcracks) and internal structural
changes, with birth-death diagrams confirming
layer separation in high-UV zones (Area 1: 115 HU,
Area 3: 51 HU). A topological analysis indicates
weakly pronounced structural and mechanical
changes in the material, confirmed by the proximity
of birth and death points on the diagram and,
consequently, the indistinguishability of the layers.
These results highlight the complex interplay of UV
radiation and humidity in altering both surface and
bulk properties of non-autoclave composites.
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